Abstract-Our overall research goal is to devise a robust method of tracking and compensating patient motion by combining an emission data based approach with a visual tracking system (VTS) that provides an independent estimate of motion. Herein, we present the latest hardware configuration of the VTS, a test of the accuracy of motion tracking by it, and our solution for synchronization between the SPECT and the optical acquisitions. The current version of the VTS includes stereo imaging with sets of optical network cameras with attached light sources, a SPECT/VTS calibration phantom, a black stretchable garment with reflective spheres to track chest motion, and a computer to control the cameras. The computer also stores the JPEG files generated by the optical cameras with synchronization to the list-mode acquisition of events on our SPECT system. Five Axis PTZ 2130 network cameras (Axis Communications AB, Lund, Sweden) were used to track motion of spheres with a highly retroreflective coating using stereo methods. The calibration phantom is comprised of seven reflective spheres designed such that radioactivity can be added to the tip of the mounts holding the spheres. This phantom is used to determine the transformation to be applied to convert the motion detected by the VTS into the SPECT coordinates system. The ability of the VTS to track motion was assessed by comparing its results to those of the Polaris infrared tracking system (Northern Digital Inc., Waterloo, ON, Canada). The difference in the motions assessed by the two systems was generally less than 1 mm. Synchronization was assessed in two ways. First, optical cameras were aimed at a digital clock and the elapsed time estimated by the cameras was compared to the actual time shown by the clock in the images. Second, synchronization was also assessed by moving a radioactive and reflective sphere three times during concurrent VTS and SPECT acquisitions and comparing the time at which motion occurred in the optical and SPECT images. The results show that optical and SPECT images stay synchronized within a 150-ms range. The 100-Mbit network load is less than 10%, and the computer's CPU load is between 15% and 25%; thus, the VTS can be improved by adding more cameras or by increasing the image size and/or resolution while keeping an acquisition rate of 30 images per second per camera.
I. INTRODUCTION

P
ATIENT motion during SPECT acquisition is one of the main causes of artifacts [1] , and various approaches relying solely on SPECT data inconsistencies to track and compensate motion have been described [2] - [6] . However, the use of external tracking devices providing additional information independent of SPECT data is expected to result in more robust correction than use of solely the emission data. Following the work of others for head motion compensation in brain SPECT and PET [7] - [9] , our goal is to devise a robust method to track and compensate patient body motion and respiration in cardiac SPECT by combining an emission data based approach with a visual tracking system (VTS) that provides an independent estimate of motion.
Our research program on motion detection and compensation is divided in three parts corresponding to three logical steps: 1) acquire data about the patient motion during the SPECT exam from an external device [10] - [13] ; 2) process the data obtained in step 1 in order to extract relevant information about the patient motion [10] - [13] ; and 3) compensate SPECT data for motion by combining the information obtained in step 2 with an emission data based approach [14] . This article primarily deals with the solutions implemented to acquire data (step 1).
The basic idea of the VTS is to track patient motion using pairs of optical cameras for stereo imaging during the SPECT acquisition. The main difficulty with this approach is to come up with a solution that takes into account the many constraints of the demanding clinical environment. The constraints and our current answers to them are detailed in Section II. Our VTS is comprised of pairs of optical cameras, a SPECT/VTS calibration phantom, a garment with reflective spheres to track chest motion, and a computer for camera control and data acquisition in synchrony with list-mode acquisition on our SPECT system. The feasibility of the VTS has already been established [10] - [13] . In the present paper, we detail the latest hardware configuration of the VTS. We also present the results of the tests we conducted to validate the ability of the VTS to accurately track motion, and confirm the synchronization between the SPECT and the optical acquisitions.
II. METHODS
A. Constraints
In the process of designing and improving the VTS, we have kept in mind the following requirements, relevant for any situation in which patients are involved. 
-
Any solution has to be safe. For that reason, solutions involving radioactive markers and/or electrical wires on the patient's body were excluded from consideration. -
The solution should impose a minimal additional burden to the technologist performing the study. The garment with the reflective spheres presented below is designed such that it can be easily put on top of the patient's clothes, and does not go over the patient's head so that the presence of intravenous catheters (IV) and EKG leads does not present a problem. -There should be minimal alteration in the imaging procedure as far as the patient is concerned. Again, solely adding the wearing of a stretchy garment with reflective spheres meets this constraint. -
The system should operate independent of the level of room lighting. Our use of spheres with a retroreflective coating to meet this constraint is illustrated herein. -The patient's privacy has to be respected. Institutional Review Board approval has to be obtained and the patients will give their informed consent. The image files will not contain any reference to the patient's identity. Prior to storage on disk the images will be processed so that all but the region of the images where the markers are visible is masked. -
The failure of the VTS should not compromise the SPECT acquisition. In addition to the constraints above, several technical requirements must be met: -The VTS has to be able to track chest motion even when the visibility of the chest is limited by the gamma-camera heads. -
The SPECT and optical acquisitions have to be synchronized.
The VTS has to be able to capture and store thirty 352 240 gray-scale images per second per camera, for up to 30 min from the number of cameras selected for use in the VTS. 
B. The Visual Tracking System
The overall design of the VTS is presented in Fig. 1 . The main parts of the VTS hardware are discussed in the following. The patient will wear a garment to which highly visible retroreflective spheres are attached (Fig. 2) . These spheres are coated with microglass beads. The diameter (a few dozen micrometers) and the refraction index of the glass beads are such that the incoming light or an infrared (IR) beam was very efficiently reflected back toward its origin. Note that the spheres on the garment are not radioactive. The garment is a rectangular piece of stretchable black fabric used for swimsuits. The stretchable property ensures that the spheres do not loosely move on the chest. The garment closely fits male and female torsos of different shapes and sizes, without the need for the patient to remove his/her own clothes. The garment is attached on the back with two large Velcro bands, and has no sleeves so that it is easy to take on and off even for patients with an IV perfusion in their arm. In clinical acquisitions, five Axis PTZ 2130 network cameras (Axis Communications AB, Lund, Sweden) ( Fig. 3) with pan, tilt, and zoom capabilities will be aimed at the patient's chest during the SPECT acquisition. The cameras will be mounted on the walls of the exam room, three from the head and two from the feet of the patient, because the thorax and the abdomen cannot be seen from the same point of view, due to the obstruction of the view by the gamma-camera heads as they rotate around the patient. This is especially the case for obese patients and when body-contouring acquisitions are employed. The light emitted by a LED light source attached to each camera makes the reflective spheres appear in the images as white disks with an excellent contrast relative to the dark background of the garment regardless of room lighting.
The three-dimensional (3-D) location of the reflective spheres detected by the optical cameras was expressed in the SPECT coordinate system thanks to a calibration detailed in the next section. Our current calibration phantom is comprised of seven rods attached to a 25 25 cm black plastic board. Atop of each of the rods is a reflective sphere, whose center can be radioactive (Fig. 4) .
A Labview (National Instruments Co., Austin, TX) program running on a Dell Latitude C840 laptop with Windows XP was used to set the pan, tilt, and zoom of the cameras, to trigger the SPECT acquisition, to synchronize the optical and SPECT acquisitions, and to collect the optical images. The Labview graphical user interface (GUI) is presented in Fig. 5 .
The sequence of events and the synchronization process are presented in Fig. 6 . A square signal with an 8-s period generated by the Labview GUI is recorded in the list-mode file on the SPECT system. The missing parts of this signal are used to determine when the list-mode acquisition actually started (typically about 2 s after the triggering signal was sent) and for how long the SPECT system stopped acquiring during each gantry rotation in the step-and-shoot acquisition.
We described how to determine the time offset between the beginning of the image streams from the network cameras and the beginning of the list-mode acquisition by the SPECT system. (1) The user initiates the process by clicking a button on a Labview GUI. During the following 2-s period, each optical camera begins sending the Motion JPEG file to the laptop and the synchronization process is initialized. (2) The Labview GUI sends a trigger signal to start the SPECT acquisition, sends a synchronization signal to be recorded in the SPECT list-mode file, and starts saving the image streams to disks. (3) The list-mode acquisition actually starts, and is interrupted during each rotation of the detectors in a step-and-shoot acquisition. The parts of the synchronization signal missing (thick lines) in the list-mode file indicated the actual start time and the duration of each rotation when data SPECT data is not acquired.
images inserted. We called this time "delta time" because it is the name used in the Axis camera user's guide. The delta time is very valuable information, since it allows us to know the acquisition time of any image in the stream since the acquisition of the first image of that stream.
Typically the JPEG images (352 240 pixels, 24 bits color, 50% compression) are acquired during the up to 30-min SPECT acquisition, at a requested rate of 30 frames per second, for a total of 54 000 images per camera. The size of each MJPEG file is about 350 Mbytes. The 100-Mbit network load is less than 10%, and the load of the laptop CPU is typically about 15%-25%.
An experiment was conducted to investigate the accuracy of the elapsed time since the start of video acquisition using the delta times from a given camera in the MJPEG file. The cameras were aimed at the monitor of a Linux workstation displaying a digital clock with an accuracy limited by the refresh rate of the monitor (refresh rate 48-160 Hz). The actual time (as displayed by the digital clock in the JPEG images) was compared to the time estimated using the delta times as recorded in the MJPEG file from each camera. The degree to which these times agree indicates to what extent this method could be used to accurately monitor elapsed time since the start of acquisition.
In a second experiment, the optical cameras were aimed at the field of view of the SPECT system. Optical and SPECT acquisitions were performed with a point source in the center of a reflective sphere (one of the spheres of the calibration phantom). During SPECT acquisition, this phantom was manually moved 3 times. The JPEG files were extracted from the MJPEG file and the images in which motion occurred were visually determined. The list-mode file was binned into 10 ms images, and the axial center of mass (COM) of the images was computed. The variations of the temporal curve of the COM location indicated the time of the motions. This time was assessed based on the time stamps in the list-mode file and the synchronization signal for the SPECT acquisition, and based on the delta times for the optical acquisitions. Comparison was made between the timing of the motions as recorded from the five cameras and the list mode file to determine the degree of agreement between these events recorded on separate computers.
Finally, we tested the ability of the VTS to track 1, 2, and 5 mm motion of a retroreflective sphere by comparing the VTS determined motions against the measurements provided by the Polaris stereo IR tracking system (Northern Digital Inc., Waterloo, ON, Canada) (Fig. 7) [15] .
The Polaris system has the ability to report the 3-D location of the same reflective spheres used for optical imaging. The 3-D locations were reported in millimeters relative to the center of the Polaris coordinate system with stated 0.35 mm accuracy and 0.2 mm reproducibility. Two optical cameras and Polaris were approximately at the same location in the room, the cameras being above Polaris, facing one sphere that was moved five times successively in two directions (away from the cameras and then to the right of the cameras), in 5, 2, and 1 mm steps. The distance between the sphere on one hand, and Polaris and the optical cameras on the other hand was approximately 2 m. The motion of the spheres was determined using stereo imaging, and the reference was not the SPECT system, but the Polaris system. No radioactive sources were used for that experiment. The X,Y,Z coordinates of the seven spheres of the calibration phantom where determined using Polaris. Two optical cameras were aimed at the phantom, and snapshots images were taken. A VTS/Polaris calibration was performed to determine the transformation matrix between each optical camera and Polaris as explained in the next section. Then, after that calibration step, the ability of the optical cameras to track various 3-D motions of the phantom was investigated: the phantom was moved, the X,Y,Z coordinates as given by Polaris were recorded, and snapshots with the two optical cameras were taken. After stereo processing, the X,Y,Z coordinates obtained with the optical cameras were obtained. Subtracting the coordinates after motion from the coordinates before motion gave the motion vector.
C. Image Processing
In the following, the images of the spheres (appearing as white disks) will be referred to as markers. The JPEG images were extracted from the MJPEG file and decompressed into 24-bit RGB bitmaps. Then, they were binarized using a threshold value to separate the markers from the background. and (x ; y ) are the coordinates in images "i" and "j" of the markers corresponding to 3-D point located at (x ; y ; z ) in the SPECT or Polaris coordinate system. The origin of the SPECT coordinate system is a corner of the stack of reconstructed SPECT slices. Geometrically, the point X is the intersection of the lines passing through the optical centers C and C of the cameras and the points X and X , respectively.
The markers were segmented and their centroids computed. For sake of patient privacy, clinical images will be cropped before being stored on the computer, to show only the markers. The markers were matched between the images, so that the location of each sphere in all images was known. Finally, 3-D locations of the spheres in the world coordinate system were found as described below. The world coordinate system can be any system providing 3-D coordinates, such as the SPECT system, or in the particular experiment described in Section II-B, the Polaris coordinate system.
The goal of stereo processing was to determine the location vector for any reflective sphere on the garment in the world coordinate system using the location and of the two markers and corresponding to that sphere in the images of two cameras "i" and "j" respectively ( Fig. 8) [16] . Note that superscripts and do not refer to the location of a point in an image, but to cameras "i" and "j."
It can be shown [16] that the relationships between , , and are the following:
where and are matrices called the calibration matrices for cameras i and j, respectively. Notice that there is one calibration matrix M per camera. A solution for can be found by solving (1), when , , , and are known. The and are the centroids of the marker in optical images i and j respectively. Prior determination of matrices and is known as the calibration problem and is presented later.
The purpose of the VTS/SPECT calibration is to determine the unknown coefficients of the calibration matrix for each camera. Developing the matrix product yields two equations for each pair , so the SPECT coordinates and the image coordinates of at least six points are required. When the world coordinate system is the SPECT coordinate system, we use our calibration phantom presented in Fig. 4 . It consists of seven retroreflective spheres whose center can receive a drop of radioactive tracer. This hot phantom is placed in the field of view of the SPECT system. A SPECT acquisition is performed, slices are reconstructed and the centroid of each of the seven hot spots in the stack of slices are the coordinates for each of the seven spheres. When Polaris is used as the world coordinate system, then is simply the 3-D coordinates of each of the seven spheres as given by Polaris. An optical image of the same phantom is taken by camera i and provides the coordinates of each reflective sphere. With seven spheres, equations are formed with 12 unknowns and is found by singular value decomposition.
III. RESULTS
An illustration of the images obtained with the optical cameras is presented in Fig. 9 . The location of the cameras was selected as that which allowed visualization of the patient's anterior surface at least part way under the camera heads as they rotate during SPECT acquisition. Having computer control of the pan/tilt/optical zoom of the cameras greatly facilitated their configuration. The reflective spheres were clearly seen on the images as white disks, no matter the angle of view, thus facilitating the determination of their location. The contrast was more than sufficient with ambient lights off or on. The spheres located on the upper part of the chest were visible even when the heads of the gamma-camera were as close as they are in clinical routine. Table I illustrates the typical results for one camera in terms of being able to accurately keep track of the time since the start of recording the video images to disk. Results with the other cameras (not shown) are similar. The actual time (as displayed by the digital clock in the JPEG images) is compared to the time estimated using the times between successive images (delta time). The difference is 30 ms or less, showing that using the delta time is an accurate way to find the time each image is acquired.
Recording images of a red LED which is turned on when the synchronization signal (Fig. 5) is high was used to investigate the delay between initiating the recording of streams to disk and sending of the synchronization signal to the SPECT. This LED was on in the first or second image of each stream, thereby demonstrating the temporal synchrony between these.
The results for determining the time of motion of the single reflective sphere with Tc-99m in the video streams from the five cameras and the list-mode file of the SPECT system are presented in Table II . There it can be seen that the motions are recorded within a 150-ms range for all five network cameras and the list-mode file of the SPECT system, thereby demonstrating that synchronization can be achieved between SPECT and optical acquisition with this accuracy.
The results of testing the ability of the VTS to track 1, 2, and 5 mm motion of a sphere as compared to measurements provided by the Polaris stereo IR tracking system are presented in Table III . Note there that the standard deviation in the experiments includes the ability of the experimenter to manually move the phantom by very small amounts in a reproducible fashion. It is not just a measure of the intrinsic reproducibility of the two systems. Thus the agreement between the two systems is excellent indicating that the VTS can accurate measure motions on the order of 1 mm, which is quite sufficient compared to the typical spatial resolution of SPECT systems. In a typical optical image, the pixel size was 1.3 mm depending on zoom. This is not contradictory with our accuracy of about 1 mm, because the centroid, and not the center, of the reflective spheres is used, and the centroid can be determined in the optical images with a subpixel accuracy.
IV. DISCUSSION
When performing motion correction, we plan to first compensate for rigid-body motion before correcting respiratory motion. The rigid-body motion information as determined by the stereo optical cameras will be incorporated in ordered-subset expectation-maximization (OSEM) reconstruction as part of the projection and backprojection steps as described in [14] . Our approach [14] is derived from the ideas proposed by Fulton et al. [17] and Kyme et al. [18] . The basic principle is that each data set is successively included into the reconstruction process. Following each inclusion, the current reconstructed data set is reoriented so that it matches the next projection data set. The steps of the algorithm are as follows.
1) Combine all the data sets together and reconstruct a motion-uncorrected set of slices.
2)
Reorient the slices and forward project them until the computed projections match a measured projection data set.
3)
Reconstruct a respiratory dataset using the optimally reoriented slices as an initial estimate.
4)
Repeat steps 2 and 3 for the remaining projection data sets. The VTS has demonstrated its ability to acquire large amounts of data at a sustained rate with no CPU or network overload or bottleneck. Actually, the network and the CPU were far from overwhelmed by the amount of data, despite a rate of 30 frames per second. This leaves room for future improvements in terms of additional optical cameras, or increased image size and/or quality. As we have shown, a resolution of 352 240 pixels in the JPEG images is sufficient for the VTS to track motions of about 1 mm; however, an even finer sampling might be desirable.
The VTS/SPECT synchronization can be tricky and has been carefully designed and tested, because neither Windows nor Linux are real-time operating systems. In the present paper, we show that an excellent synchronization between the acquisitions of the optical cameras and the SPECT system can be achieved.
The VTS uses light (as opposed to IR) to locate the spheres, and this solution has proven to be simple and efficient. One advantage of IR is its independence from room lighting. We have shown that by use of a retroreflective coating on spheres (as used by IR systems) and an LED light source mounted on the network cameras that our VTS can also operate independent of room lighting (Fig. 9) . Another potential advantage of IR systems is that they do not collect a picture of the patient. We will add to the VTS masking of all but the regions of the spheres being tracked to overcome this potential problem in terms of patient privacy.
